uffi cient aeration and adequate water and nutrient availability at the root zone are among the most essential physiological demands of plants. Th e soil-gaseous phase is the main source of plant oxygen, while the soil-liquid phase (or soil solution) provides plant water and nutrients. However, since the two phases are complementary and transient in nature, the oxygen, water, and nutrient requirements of plants are not adequately met all the time. Growing plants in extraterrestrial environments, for example on a space station or in a future lunar or Martian outpost, is a challenge that has attracted increasing interest over the last few decades. Most of the essential plant needs for optimal growth (air, water, and nutrient supply, and mechanical support) are closely linked with the basic physical properties of the growth media. Diffusion is the main process whereby oxygen and nutrients are supplied to plant roots, and gas and solute diffusivity are the key parameters controlling the diffusive movement of oxygen and nutrients in the root zone. As one among several essential aspects of optimal porous media design for plant growth, this study presents a diffusionbased characterization of four commercial, aggregated growth media. To account for the observed large percolation threshold for gas diffusivity in the selected media, an inactive pore and density corrected (IPDC) model was developed and excellently described measured gas diffusivity in both inter-and intraaggregate pore regions. A strong relation (r 2 = 0.98) between percolation threshold for gas diffusivity and mean particle (aggregate) diameter was found and suggested to be used in future design models. Also, critical windows of diffusivity (CWD) was defi ned identifying the air content range where gas diffusivity (hence, oxygen supply) and solute diffusivity or the analogous electrical conductivity (hence, nutrient supply) are above pre-defi ned, critical minimum values. Assuming different critical values for gas diffusivity under terrestrial and Martian conditions, the four growth media were compared and it was found that one medium did not fulfi ll the pre-set criteria. Overall, the analyses suggested that particle (aggregate) sizes below 0.25 and above 5 mm should likely be avoided when designing safe plant growth media for space. The CWD concept was also applied to a natural volcanic ash soil (Nishi-Tokyo, Japan), and the natural soil was found competitive or better than the tested commercial growth media. This could bear large perspectives for Martian outpost missions, since NASA has found that Martian dust/soil mostly resembles volcanic ash soil among terrestrial materials.
life and crop productivity. In the absence of induced movement of gases and liquids, the exchange of gases and nutrients between plant roots and the surrounding environment can become diffusion-limited (Porterfi eld, 2002) . Th e soil-oxygen diff usion coeffi cient, D p (m 3 soil air m -1 soil s -1 ), and the solute diff usion coeffi cient in soils, D s (m 3 soil water m -1 soil s -1 ), are the two key parameters controlling the diff usion of oxygen and solutes (nutrients), respectively. Th ey are oft en expressed by gas diff usivity (D p /D o ) and solute diff usivity (D s /D l ), respectively, where D o, and D l are the diff usion coeffi cients of, respectively, oxygen in free air and solutes in free water.
Growing plants in containerized porous media has long been a common horticultural practice. In container-grown plants the volume constraints can potentially create intensive conditions, demanding better controls over liquid and gaseous behavior in root zone environments. Th e porous media characteristics are among the important physical factors governing liquid and gaseous behavior in solid substrates ( Jones and Or, 1998b) . For example, a fi ne-textured medium (with predominantly small pores) remains largely saturated aft er irrigation, resulting in a poorly aerated root zone (Spomer, 1974) . On the other hand, in a coarse-textured medium consisting of large particles, water tends to create bridges between the particles, thereby signifi cantly restricting the movement of gases. Th is suggests the presence of a particular range of particle size favoring optimum plant growth−an important factor to be considered in the design of an optimal plant growth medium. Similar to soil texture, changes in soil functional structure (i.e., particle and pore network) may also markedly aff ect the physical suitability of a plant growth medium. For example, diff erently compacted soils will diff er in water retention and aeration properties (Chamindu Deepagoda et al., 2011a ) and hence will behave diff erently as plant growth media. Notably, both soil texture and structure signifi cantly infl uence soil total porosity and pore size distribution−two other important properties to be considered in the design of optimum plant growth media.
Compared to unrestricted environments where depleted water and nutrients can be adequately replenished across the natural soil continuum by mass transport, the plants grown in fi nite volumes have very limited access to such resources. Th e ability to reserve plant essential water and nutrients, therefore, becomes another important media property for container-grown plants. Among the widely diff erent natural and manufactured terrestrial materials tested, coarse-textured/aggregated media have been found to be well suited for plants grown in controlled volumes ( Jones et al., 2003) due to the presence of large total pore spaces, wide (multimodal) pore size distributions and a suffi ciently large specifi c surface area (serving as potential nutrient and chemical reserves).
Th e concept of growing plants in extra-terrestrial environments, for example in international space stations (ISS) or in the envisioned lunar or Mars base, has recently sparked renewed interest among researchers in various scientifi c disciplines. Th e early plants grown on-board the ISS were meant to off er psychological comfort to the crew on long-duration space missions (Nechitailo and Mashinsky, 1993) . Th e National Aeronautics and Space Administration (NASA), with its expanded vision of advanced life support system (ALS), envisions regenerating air, water, and food within the ISS to ensure selfsuffi ciency on long-term space missions (NASA, 2002) . A future lunar or Mars base is also believed to sustain a self-suffi cient human colony, and would further serve as a remote outpost to facilitate inter-planetary space missions. Plants, if successfully grown in these controlled (reduced gravity) environments, provide food, oxygen supply and carbon dioxide removal and therefore will function as part of a bioregenerative life support system. A substantial research endeavor has been devoted to examining a wide range of plants grown in soilless environments (e.g., in hydroponic systems) (Dreschel et al., 1989; Steinberg et al., 2002; Wheeler et al., 2003) and, to a lesser degree, also in solid-support substrates (Steinberg et al., 2000; Heinse et al., 2007) . Due to growing concern within NASA's ALS program, "defi ne requirements for the ideal substrate for microgravity" was laid under the critical areas of research in microgravity soil physics (Steinberg et al., 2002) .
Due to limited opportunities and fi nancial constraints, however, reduced gravity experiments have not been widely conducted. In a few past studies, the liquid behavior in porous substrates under microgravity conditions has been well described (Bingham et al., 2000; Heinse et al., 2007; Or et al., 2009) , and some valuable insight into the substrate gaseous diff usion as well (Porterfi eld, 2002; Monje et al., 2005) . Knowing that diff usion is exclusively a concentration-dependent (not gravity-dependent) phenomenon, the gravity eff ects on the liquid-gaseous interface will likely be the controlling factor aff ecting reduced gravity gas diff usion processes in a porous matrix. In a recent gravitycontrolled study, Or et al. (2009) showed that the gravity eff ects on the pore scale liquid-gaseous interfacial confi guration are insignifi cant in coarse-grained media with particle sizes in the range of a few millimeters. Th ey further revealed that D p measurements at zero gravity (0-g) and terrestrial gravity (1-g) conditions yielded comparable results, suggesting the broad applicability of results from ground-performed diff usion experiments for reduced gravity conditions as well. Since the key plant metabolic processes were also proved to be gravity independent (Monje et al., 2005) , the proper selection of growth media will be of great value for successful plant growth on Earth and also in space. Despite a few promising attempts mainly on conceptually-based media characterization for optimal growth design (e.g., Jones and Or, 1998a; Jones et al., 2009) , physicallybased studies involving direct measurements of transport properties for more descriptive media characterizations remain limited.
In this study, we present a diff usion-based comparison of four prospective aggregated growth media: Profi le, Zeoponic, Turface and pumice, each having unique transport properties and physical characteristics. To account for large percolation thresholds on gas diff usivity in the selected media, we invoke the concept of inactive pore space and use in a recent density-corrected gas diff usivity model. Based on the measurements of oxygen diff usivity and dielectric properties (analog to solute diff usivity via water content) at varying soil moisture conditions, we examine CWD for oxygen and nutrients at predefi ned critical conditions on Earth and also on Mars. We further look at a "critical water storage window" to evaluate water availability before the plants wilt due to water defi ciency. For all the three critical windows, we consider a situation in between irrigations, where the system is drained to a certain matric potential. For the oxygen diff usivity window, we consider the oxygen diff usion through interaggregate pore space (or Region 1) to the root zone. For the nutrient diff usivity window and the water window, we look at the nutrient diff usion and water availability in the intra-aggregate pore space (or Region 2) for local supply of nutrients and water at plant roots. We note here that we have not considered transient water fl ow and nutrient transport during and just aft er irrigation where the resupply of water and nutrients to the depleted root zone occurs.
We further introduce a "design diagram" to help select the optimal range of particle sizes for plant growth and discuss its applications on Earth and also on a Martian base. Finally, we discuss the implications of the CWD concept to examine Japanese volcanic ash soil (Andisol) as a candidate for future space-based applications. We emphasize that the diff usion-based characterization we discuss herein is only one of many essential aspects in optimal plant growth media design considerations, particularly under microgravity conditions where many other factors may also play critical roles in overall design process (Steinberg et al., 2002) .
MATERIALS AND METHODS

Porous Media and Properties
In this study, we mainly considered four aggregated growth media with diff erent particle size fractions (given in square brackets throughout the text) as follows: (Blonquist et al., 2006) . Turface and Profi le are stabilized baked ceramic aggregates which have been widely tested as prospective substrates in many previous microgravity plant experiments (Steinberg and Poritz, 2005; Heinse et al., 2007) . Zeoponic, a NASA-developed zeolite-based synthetic substrate, is also a promising growth medium that has been tested in many gravity-controlled environments (Steinberg et al., 2000) . A detailed characterization of the four growth media based on soil-water retention and dielectric properties has been presented by Blonquist et al. (2006) . Some useful physical properties relevant to the present study are also given in Table 1 (data from Blonquist et al. (2006) and present study).
For the validation of the IPDC model, we considered two aggregated soils from the literature: a crumb soil [1-2 mm] (data from Currie, 1984 ) and a pumice [~1 mm] (referred hereaft er as Currie-pumice, data from Currie, 1961) . Th e crumb soil, a silty clay loam, was sampled from a 100-yr-old Highfi eld permanent pasture at Rothamsted and showed high water stability against swelling and shrinking (Currie, 1984) . No information is available with regard to the origin, texture, and packing of Currie-pumice, but the measured water-retention characteristics (not shown) revealed clear evidence of two-region behavior (Currie, 1961) .
We fi nally considered a Japanese volcanic ash soil (Andisol), the Nishi-Tokyo aggregated soil [2-4.76 mm], in this study (data from Chamindu Deepagoda et al., 2011b) . Th e soil was sampled at 5 to 10-cm depth on a pasture site at Field Production Science Center, the University of Tokyo. Th e soil was fi rst sieved to separate the desired particle size fraction and then repacked (ρ b = 0.76 g cm -3 ) for measurements.
Measurement of Soil-Water Characteristics
For the four aggregated growth media, we used literature measurements on soil-water characteristics SWC) (data from Blonquist et al., 2006) . Two additional measurements were performed for each medium at two diff erent matric potentials, -100 cm H 2 O (at pF 2) and -800 cm H 2 O (at pF 2.9) and confi rmed the compatibility of results (pF = log |-ψ, m H 2 O|, where ψ is the soil matric potential; following Schofi eld, 1935) . For the additional measurements, 100-cm 3 samples were packed (in triplicates) to the same dry bulk density as given in Blonquist et al. (2006) (see Table 1 ) and saturated samples drained to the above matric potentials inside a sandbox. By using similar sized samples, Chamindu Deepagoda et al. (2011b) made water content adjustments for Nishi-Tokyo soils by fi rst draining inside a sandbox (below pF 2) and then inside a pressure plate apparatus (from pF 2-4.2), followed by two evaporation steps at air-dry (pF ~ 6.0) and oven-dry (pF ~ 6.9) conditions.
Soil-Gas Diffusivity Measurements
For gas diff usivity (D p /D o ) measurements in the four aggregated growth media, 100-cm 3 samples were packed to the desired bulk densities as given in Table 1 . Diff erent water contents for D p /D o measurements were achieved by stepwise evaporation from saturated samples. Th e one-chamber method suggested by Taylor (1950) and developed further by Schjønning (1985) was adopted for oxygen diff usivity measurements. Th e diff usion chamber was fi rst fl ushed with 100% N 2 to get rid of all the oxygen inside the chamber. Th e sample was mounted on the chamber and the top surface of the sample was exposed to the air, allowing atmospheric oxygen to diff use into the chamber through the sample. An oxygen sensor mounted on the chamber wall continuously measured the oxygen concentration inside the chamber. Th e gas diff usion coeffi cient in soil (D p ) was calculated based on the steady-state method following Rolston and Moldrup (2002) . Th e length of time taken for each measurement (varied from 2-3 h to a few minutes, depending on the soil moisture condition) was assumed to be short enough to ignore the oxygen depletion caused by microbial consumption (Schjønning et al., 1999) .
Th e D p /D o measurements for the four growth media were fi rst performed at the University of California, Davis (UCDavis) with a traditional, commonly-used gas diff usion apparatus and then independently tested using a newly-developed experimental-set up at Aalborg University (AAU), Denmark. Th e two apparatus, in principle, consist of the same components, except for the pneumatically-controlled tightening mechanism implemented in the new setup to ensure a perfectly airtight system. Further, the hard-to-push opening/closing slide available in the old setup is replaced with an easily-movable rotary slide in the new apparatus. Currie (1984) used diff erently-sized sample rings to pack initially air-dried soil crumbs for the measurements of gas diff usivity. Th e uncompacted samples were fi rst equilibrated at -50 cm H 2 O (pF 1.7) matric suction and then compacted to diff erent bulk densities. Th e samples were subsequently rewetted and re-equilibrated at pF 1.7 before achieving diff erent moisture conditions by progressive wetting or drying. Using hydrogen as the experimental gas in an experimental setup described in Currie (1960a) , gas diff usion measurements were done for both crumb soils and Currie-pumice. Blonquist et al. (2006) used time domain refl ectometry (TDR) measurements to determine the dielectric permittivities for the four aggregated growth media. Th e TDR measurements were undertaken by means of a custom-designed measurement cell with a parallel-plate probe arrangement. Th e aggregated growth media samples were fi rst vacuum saturated with NaCl solution, and then packed in the cell for the TDR measurements. Th e measurements were made using a standard Tektronix 1502b cable tester.
Dielectric Permittivity Measurements
Specifi c Surface Area Measurements
Th e specifi c surface area (SSA) for the four aggregated growth media (Table 1) were determined independently by two diff erent methods: (i) estimated from the bound water fraction on a mass basis (data from Blonquist et al., 2006) , and (ii) measured in the present study using the ethylene glycol monoethyl ether (EGME) method (Petersen et al., 1996; Pennell, 2002; Cerato and Lutenegger, 2002) . Th e SSA estimated from the water adsorption method assumed monolayer coverage of water and an area of 9 square angstroms per water molecule.
Th e SSA measured by EGME was found to be similar to those measured by CO 2 (de Jonge et al., 2000) . Th e observed discrepancy of the results from the two diff erent methods (Table  1) has also been reported in the literature (Petersen et al., 1996; Yukselen and Kaya, 2006) and was mostly attributed to the diff erences in extent to which water or EGME tend to access the internal surface areas of the minerals. Th e EGME method, in particular, was observed to yield more reliable predictions over several other widely-used methods. We therefore rely on the measured SSA from the EGME method in the media comparisons.
MODELING APPROACHES Soil-Water Characteristics and Pore Size Distribution
In contrast to typical structureless (or unimodal) soils, the aggregated media are oft en characterized by two distinct (bimodal) pore regions: interaggregate or external pore region (Region 1) where pores occupy the region between the aggregates, and intra-aggregate or internal pore region (Region 2) where pores occupy the region inside the aggregates. Consequently, the classical unimodal functions frequently used to describe SWC for structureless soils, for example the van Genuchten model (van Genuchten, 1980) , are not directly applicable to the bimodal aggregated media. Th e widely accepted approach to represent the two-region behavior in bimodal media involves algebraic superposition of two individual unimodal functions, assuming the two subporous systems (Region 1 and Region 2) are functionally independent. In this study, we used the bimodal van Genuchten-type water retention function (Durner, 1994) as follows:
where θ s is the soil-water content at saturation (cm 3 cm -3 ); θ r is the residual water content (cm 3 cm -3 ); w 1 and w 2 are weighting factors (0 ≤ w 1 , w 2 ≤ 1 and w 1 + w 2 = 1); a 1 and a 2 are model scaling factors (cm -1 ); n 1, n 2, m 1 (= 1-1/n 1 ) , m 2 (= 1-1/n 2 ) are model shape factors. Th e weighting factors, scaling factors, shape factors and residual water content were estimated as curvefi tting parameters by using the nonlinear, curve-fi tting routine SOLVER in MS Excel (Wraith and Or, 1998) .
Th e fi rst derivative of the SWC function yields the soil specifi c moisture capacity, C* (= dθ/dψ) which can be used to determine the equivalent PSD as follows (Durner, 1994) :
where r is the pore radius which is related to the soil matric potential by,
where g is the acceleration of gravity, used as a constant (g = 9.81 ms -2 ) throughout this study. (Note: 1m of water head ≈10 kPa.)
Soil-Gas Diffusivity and Pore Connectivity
Similar to the bimodal soil-water retention models, the tworegion gas diff usivity models developed for aggregated media also assume that the two regions (Region 1 and Region 2) are functionally independent and additive (e.g., Resurreccion et al. [2008 Resurreccion et al. [ , 2010 ; Chamindu Deepagoda et al. [2011a, 2011b] ). A notable feature of aggregated media with relatively large particles (like the media considered in the present study) is the presence of large percolation thresholds (ε p ) for gas diff usivity. At air-fi lled porosities below the percolation threshold (ε ≤ ε p ), gas diff usivity remains essentially zero (i.e., D p /D o = 0), since all the air-fi lled pores are made virtually "inactive" for gas diff usion by the interconnected water fi lms around the particles. Th e inactive air-fi lled pore space for gas diff usion (ε in ) increases linearly with increasing air content (i.e., with draining) and will reach a maximum value at the percolation threshold (ε in = ε p ). As the draining progresses (ε > ε p ), the water fi lms start disconnecting, allowing the hitherto disconnected air-fi lled pores to gradually become interconnected, resulting in a decrease in inactive pore space (Troeh et al., 1982) . Th e inactive pore space can be assumed to reach zero at complete air saturation of interaggregate pore space (i.e., at ε = Φ 1, where Φ 1 is the interaggregate porosity), provided that other factors that cause inactive pores (for example, heavy compaction; Shimamura, 1992) are not playing a signifi cant role. Depending on the texture and the pore network structure of the soil, the decreasing trend may be nonlinear (e.g., Sahimi, 1994) , but a linear decrease will be a simple and reasonable approximation (Moldrup et al., 2005) . Figure 1 illustrates the variation of ε in (the left y axis) with increasing air-fi lled pore space (ε) for two selected ε p values: ε p = 0.1 (solid line), and ε p = 0.2 (dashed line). Th e ε p -ε relation can be mathematically described by the following equations (Moldrup et al., 2005) :
By incorporating the concept of inactive pore space into a recently developed two-region generalized density corrected (GDC) model for gas diff usivity (Chamindu Deepagoda et al., 2011b), we introduce an IPDC model for gas diff usivity predictions (in Region 1) in aggregated growth media as follows: Region 1:
Th e parameter β 1 is the model shape factor which can be calculated from α 1 following the suggested linear relation (Chamindu Deepagoda et al., 2011b) :
Th us, Eq.
[4a] through [4e] can then be used to make gas diff usivity predictions in Region 1 for the aggregated growth media. Note that ε p and α 1 are the two controlling parameters of the IPDC model behavior, as the other two model parameters, ε in and β 1 , are linked to ε p and α 1 , respectively . Th e model sensitivity to ε p and α 1 are demonstrated in Region 2:
Th e applicability of the IPDC model concept for bimodal media is demonstrated in Fig. 1b using gas diff usivity measurements from two well-aggregated soils from the literature; a crumb soil (data from Currie, 1984) , and Currie-pumice (data from Currie, 1960b) . Th e IPDC model could describe well the two diff erently-structured soils with signifi cantly large percolation thresholds.
Since gas diff usion essentially occurs in the interconnected pore network, the variation of D p /D o with ε can reveal useful information on pore network connectivity in diff erentlystructured porous media. Th e Buckingham (1904) -based pore connectivity factor, X, is a widely used parameter to describe pore network connectivity (e.g., Resurreccion et al., 2008; Chamindu Deepagoda et al., 2011c) . Th e parameter X can be computed from measured D p /D o at diff erent values of ε by:
Solute Diffusivity
Similar to D p /D o models, expressions predicting solute diff usivity (D s /D l ) as a function of soil-water content (θ) are mainly available for structureless soils (e.g., Millington and Quirk, 1961; Olesen et al., 2001; Moldrup et al., 1997) and reliable predictive models for structured/aggregated media are lacking (Hamamoto et al., 2009a) . Due to laborious and timeconsuming experimental work for the measurements of D s , it was oft en found convenient to estimate D s /D l from relatively fast and easily measureable media properties. Electrical conductivity (EC) is a widely accepted analog parameter to solute diff usivity (Ullman and Aller, 1982; Tuli and Hopmans, 2004; Hamamoto et al., 2009a) and functional relationships have been proposed to estimate D s /D l from relative electrical conductivity (Tuli and Hopmans, 2004) . Solute transport modeling under microgravity conditions using EC sensorbased data have also been discussed (NASA, 2002) . Since the dielectric permittivity (E) is a strictly analogous parameter to EC (Robinson and Friedman, 2005) , we assume that the following implicit analogy holds between relative dielectric permittivity and solute diff usivity:
where E s and E b are corresponding dielectric permittivity values for solid phase and bulk water, respectively.
RESULTS AND DISCUSSION
Physical Properties and Soil-Water Characteristics
Th e observed basic physical properties for the four growth media are given in Table 1 . In striking contrast to typical structureless soils, all the media showed remarkably high total porosity (>0.60 cm 3 cm -3 ) and low bulk density (<0.90 g cm -3 ), both are highly favorable for root growth and permeation and also to facilitate quick drainage aft er a rainfall or irrigation. Soilwater characteristic curves for the four growth media clearly exhibited strong dual porosity characteristics ( Fig. 2a and 2c) . Th e PSD derived from the SWC for the four growth media are also shown in Fig. 2b and 2d . Th e two main steps in calculating PSD involve (i) estimation of pore radius (r, μm) from the soilmatric potential (ψ, m), Eq. [3], and (ii) the derivation of pore density from the ψ (θ) function, Eq.
[2] (shown by arrows from Fig. 2a and 2b) . Th e PSD curves also clearly exhibited bimodal behavior with two separate peaks for all the aggregated media. A distinguishing feature of the four PSD curves for the selected media compared to those for typical aggregated soils is the distinct separation of the two pore regions (i.e., internal and external pore regions) without an overlapping region, suggesting very strong two-region characteristics. Th e two photos (inset in Fig. 2b and 2d ) depicting the four growth media used in this study clearly indicate their relative grain sizes.
Growth Media Fingerprints with Pore Connectivity Factor
Th e variation of Buckingham (1904) -based pore connectivity factor, X, with air content (ε) followed generally a similar trend for the selected growth media, as demonstrated for Zeoponic and Profi le in Fig. 3 , and were in good agreement with previous observations (e.g., Resurreccion et al., 2008) . Th e relatively larger X values at wet conditions (i.e., at small ε) are due to the high water-induced pore discontinuity and are expected to be larger for media with larger particles (with more pronounced water blockage eff ects) than with smaller particles. With increasing ε (draining), X showed a monotonic decrease due to enhanced pore connectivity, and reached a minimum when all the external pores were completely drained. Note that in fi ne-textured media (e.g., Zeoponic and Profi le), the remaining water aft er each drainage step tends to get distributed over the particle surfaces, leaving less water to create water bridges between particles, which results in a more steady decrease in X. Conversely, in coarse-grained media, water is mostly held between particles as water bridges, and irregular discontinuity of them with drainage causes a scatter in X with a decreasing trend. Further drainage causes aggregates to drain themselves, allowing gases to diff use also into the internal pores (Region 2). Th e diff usion of gases through remote and highly tortuous internal pores leads to an increase in X. Unlike the considerable scatter observed for Region 1, the X-ε behavior within Region 2 for the four media showed a striking agreement in all media, suggesting a strong similarity in their internal pore structure despite wide contrasts in size, physical properties, and origin. Th e air content at which minimum X occurs demarcates the boundary between the external (Region 1) and internal (Region 2) pore regions for each medium (shown by dotted lines; Fig. 3) , and therefore gives useful information on the porosities associated with each region. In this study, we defi ned the air content at minimum X as the external porosity to give the soil functional pore space (determined from D p measurements) a greater signifi cance. Figure 4 shows data for gas diff usivity (D p /D o ) measured at both UCDavis (open circles) and AAU, Denmark (closed circles), as a function of soil-air content (ε). Th e two independent measurements generally showed a good agreement and thus verifi ed the consistency of the measurements from the two diff erent apparatus. Th e two-region IPDC model, Eq. [4a] through Eq. [4g], described well the observed data and hence proved to be a useful tool for well-aggregated media with distinct percolation thresholds. Also shown in Fig. 4 are the results for solute diff usivity (estimated in analogy with relative dielectric permittivity, E/E o ) as a function of soil water content (θ) for the four growth media. Th e solute diff usivity variation also exhibited a noticeable two-region behavior as observed in many previous studies related to bimodal media (e.g., Hamamoto et al., 2009a) and was generally consistent with the two-region behavior shown by gas diff usivity data.
Oxygen and Nutrient Diffusivities and Plant Limiting Criteria
With a combined illustration of gas and solute diff usivities in the entire range of air and water contents, Fig. 4 further provides a useful platform for evaluating the ability of the growth media to meet simultaneously the air and nutrient requirements for plant growth. We here discuss the limiting criteria with respect to gas and nutrient diff usion for optimal plant growth under Martian conditions (referred to as Mars criteria), while showing the corresponding values also for terrestrial (reference) conditions (referred to as Earth criteria). For the limiting Earth criterion for gas diff usivity we used the value D p /D o = 0.02 reported in many studies as the threshold (minimum) value for adequate soil aeration in uncontrolled (fi eld) conditions (Stepniewski, 1980; Schjønning et al., 2003) . Jones et al. (2011) used the same threshold value to discuss gas diff usivity in containerized media while Nkongolo and Caron (2006) and Allaire et al. (1996) also observed a threshold near D p /D o ≈0.015 in containerized peat substrates. Th ere is no analogous well-documented criterion for solute diff usivity/relative permittivity (E/E o ), we therefore evaluated and compared the media for critical nutrient supply based on a value of E/ E o = 0.01, at which there is assumed to be suffi cient media connectivity to facilitate movement of solutes in root zone environments.
As we previously discussed, the gravity eff ects on pore scale phase distribution were less pronounced for gas diff usivity, particularly at less saturated conditions. In typical root modules of relatively large scale (e.g., 10 cm in height), however, the macroscopic gas transport properties will be controlled by wetting front morphology and phase entrapment, where gravity eff ects may also play a role ). For example, at reduced gravity conditions water tends to get more uniformly distributed over the sample volume. Consequently, the increased water-induced pore tortuosity at reduced gravity may result in a decrease in D p . For a sample of nearly 10 cm thickness, Jones et al. (2003) showed a decrease in D p by 1.5 to 2.0 times at zero gravity (0 g) relative to terrestrial gravity (1 g). Th erefore, to account for the likely underprediction in gas diff usion coeffi cient under reduced gravity, we applied a safety factor of 2.0 to defi ne the Mars criterion for gas diff usivity (i.e., D p /D o = 0.04). Th e eff ect of reduced gravity on solute diff usivity is not well examined but Or et al. (2009) theoretically argued for negligible reduced-gravity eff ects on pore-scale (microscopic) water distribution and confi guration. In the present study the critical (limiting) conditions for solute diff usivity is assumed to occur in between irrigation events where the water is mainly present as interaggregate water held tightly by capillary forces and this together with the theoretical results by Or et al. (2009) leads to our assumption of negligible eff ects of gravity change from 1 g.
Critical Diffusivity Windows for Oxygen and Nutrients
Plants grown in volume-constrained modules, under terrestrial gravity or reduced gravity, are typically subjected to a predefi ned periodic irrigation to ensure that plant water and nutrient requirements are adequately met at all times. When substantial time has elapsed aft er an irrigation event, the water held in the external pores will be nearly drained, and most of the plant water and nutrient requirements will be supplied by the water available in the internal pores. As mentioned above, the critical condition with regard to nutrient diff usion occurs some time aft er cease of irrigation when the internal pores also start draining (i.e., moving from the vertical dashed line toward the right in Fig. 4 ) and the water content falls below the limiting values for solute diff usivity. Th e critical condition for oxygen diff usion, on the other hand, occurs soon aft er irrigation, when the external pore space is being gradually occupied by water (i.e., moving from the vertical dotted line toward the left in Fig. 4) , causing the soil-air content to fall below the value corresponding to limiting oxygen diff usivity. Th us, in order for plants to survive at both the critical conditions, the growth media should have suffi ciently large CWD; the media with the larger CWD (for oxygen and nutrients) will likely provide a more favorable environment for plants at limiting conditions. Th e oxygen and nutrient CWD for the four growth media at Earth condition and the oxygen CWD for and Martian condition are shown in Fig.  4 (in diff erently shaded horizontal bars) and the corresponding details are given for convenience in Fig. 4d . Table 2 shows the measured widths (intervals of air content) of the CWD for each growth medium. Th e media having smallest CWD, highlighted in bold (Table 2) , were pumice (for oxygen at Earth and Mars conditions) and Zeoponic (for nutrients at Earth condition). We emphasize that the present CWD concept is based on static pore-water conditions where the critical (limiting) situations for gas and solute diff usivity will occur in between irrigation events. Th e CWD approach is at present not linked to dynamic water fl ow conditions and the results from the previous studies (e.g., Scovazzo et al., 2001 ) on dynamic nutrient supply to plant roots by moving water (convective transport) therefore have not been taken into account.
Field Capacity and Critical Water Storage Windows
Another key approach to evaluate the growth media for adequate soil aeration is to observe oxygen diff usivity at fi eld capacity conditions (note that the term "fi eld capacity" here refers to the potentials imposed in controlled volumes that are comparable to those in the fi eld at fi eld capacity). At fi eld capacity, the excess water will be drained, and the media will stabilize at a certain matric potential or pF. Th is potential has been suggested to occur at or near -100 cm H 2 O or pF 2 for a wide range of texture intervals at terrestrial gravity conditions (Schjønning and Rasmussen, 2000; Al Majou et al., 2008) . However, Madsen (1976) observed that -50 cm H 2 O (or pF 1.7) would be a better approximate to mimic fi eld capacity in coarse-textured media. Th is is also in agreement with the study by Allaire et al. (1996) who used -50 cm H 2 O as the limiting potential of "easily available water (EAW)" for containerized media. In reduced gravity conditions, for example at Martian gravity (0.37 g), the corresponding matric potential may occur at -19 cm H 2 O or pF 1.3 (i.e., in equilibrium with free water held 19 cm below the gravity vector), assuming the equilibrium matric potential scales linearly with the gravitational force ( Jones et al., 2011) . Figure  5 shows the measured D p /D o data for the four growth media as presented in Fig. 4 , but now as a function of pF. Th e predictions from the combined two-region IPDC model (Eq. [4a] through [4 g]) and the bimodal water retention function (Eq. [1] with |ψ| = 10 pF ) are also shown (solid line). Th e star symbol denotes the limiting gas diff usivity for soil aeration (D p /D o = 0.04) near fi eld capacity (pF = 1.3) in Mars conditions. Profi le, Turface, and Zeoponic exhibited oxygen diff usivity at pF 1.3 signifi cantly above the limiting value (marked by a dotted arrow), and therefore passed the oxygen diff usivity-based evaluation. Pumice, on the other hand, failed to satisfy the minimum requirement for soil aeration due to its signifi cantly large percolation threshold for oxygen diff usivity.
At fi eld capacity, the media should also ensure adequate water and nutrient storage, or a suffi ciently large "critical water window", for optimum plant growth. A great variety of plants reportedly have a permanent wilting point at pF 4.2 irrespective of soil types (Schofi eld, 1935) , which essentially limits the water availability for plant growth/survival. We calculated the width of the critical water windows for Mars conditions at water contents between pF 1.3 (fi eld capacity) and pF 4.2 (plant wilting point, with a reasonable assumption that it will remain unaff ected by reduced gravity). Note that the adopted water window is also one of the limiting criteria in the widely used least limiting water range (LLWR) concept to assess overall soil physical quality for plant growth (da Silva et al., 1994; Lapen et al., 2004) .
Revisiting Fig. 5 , water retention results are also shown, together with the model predictions (dotted line) using the bimodal water retention function. Th e shaded area illustrates the critical water window for each medium, showing the smallest window for Zeoponic (see also Table 2 ). Note that pumice shows good water storage properties with the largest critical water window, but it already showed very poor aeration near fi eld capacity. Overall, Profi le showed the best results with fairly balanced oxygen and nutrient windows at limiting conditions and with satisfactory performances also at fi eld capacity. In addition, the results suggest that Turface is a promising plant growth medium for future spacebased applications. Further, out of the four growth media, Profi le and Turface have the largest specifi c surface areas (measured with the EGME method, Table 1 ), which may potentially serve as additional storage for plant essential nutrients.
Mean Particle-Pore Size Relations and Design Diagram for Optimal Growth Media
As the above diff usivity-based analysis implied, the proper selection of particle size will be an essential prerequisite for the optimal design of a plant growth medium. Th e particle size likely controls the mean pore size and also the percolation threshold for oxygen diff usivity in the medium, and can therefore signifi cantly alter soil aeration properties. Previous studies have also reported promising correlations between particle size distribution and soil aeration characteristics. Verhagen (1997) and Caron et al. (2005) , for example, observed strong relationship between the soil-air content at a specifi c matric potential and the fi ner particle fraction (<1mm) in diff erent peat mixes. Figure 6 shows the percolation threshold (ε p ) values for the six considered porous media plotted against the corresponding mean particle sizes (D mean, μm). Percolation threshold (ε p ) showed an increase with increasing D mean following a very promising linear relationship (r 2 = 0.98). Th e observed ε p -D mean linear relation will be of great utility in future studies when estimating ε p for diff erent media, particularly in the absence of measured D p /D o data. Among the factors controlling gas percolation threshold (ε p ), the local distribution and geometries of water fi lms and water bridges between particles dominate. Since such pore scale water distribution confi gurations are not signifi cantly aff ected by gravity , the percolation threshold may likely remain unchanged under reduced gravity conditions. Further, a preliminary water drainage simulations for diff erent column lengths suggested less pronounced eff ects of column length on bulk soil water content profi le. However, correct design of water application and drainage system under microgravity is important to ensure that local areas with encapsulated soil-air is minimized, and this needs to be optimized in further modeling and experimental studies (e.g., Chau et al., 2005) . Hamamoto et al. (2009b) for coarse-textured media. Th e two vertical dotted lines, drawn at pF 1.7 (or d = 60 μm) and 1.3 (or d = 150 μm), correspond to the above assumed terrestrial condition (i.e., fi eld capacity of -50 cm H 2 O) and Martian condition (i.e., fi eld capacity of -19 cm H 2 O), respectively. Th is implies that, for example, at a fi eld capacity of pF = 1.7, all the pores >60 μm will be drained, and therefore a medium with pores predominantly larger than 60 μm will provide optimum aeration for plant growth. Assuming the relation d = 0.27D mean holds, this corresponds to a mean particle diameter (D mean ) of 220 μm, suggesting a medium with D mean >220 μm (shown by the area shaded in orange) will ensure good soil aeration at terrestrial fi eld capacity. Th e similar criterion at Martian fi eld capacity (at pF 1.3) is D mean >550 μm (shown by the area shaded in brown; Fig. 7 ). Note that both Zeoponic and Profi le, the two smallest particle size fractions, satisfi ed the minimum particle size criterion at both terrestrial and Martian conditions (shown by two dotted horizontal lines; Fig. 7 ). Th erefore, the two coarser media, Turface and pumice also obviously satisfi ed the minimum criterion for both Earth and Mars conditions, suggesting the suitability of all fi ve media in Earth-based and Mars-based applications. Note that media with very large particles (e.g., pumice) will also suff er from poor soil aeration due to a larger percolation threshold, suggesting the existence of a limiting value also for maximum D mean . Our results show that D mean <5000 μm will be an appropriate upper-limit criterion for adequate oxygen diff usivity. Note that the suggested aggregate size range for adequate soil aeration (0.2-5 mm) on Earth is broadly in good agreement with the observed optimal aggregate size interval for seed-to-aggregate contact based on best plant emergence and minimum evaporation (Braunack, 1995; Håkansson et al., 2011) . Th e suggested minimum aggregate size for Martian condition (D mean >0.5 mm) also agrees well with the observations from Jones et al. (2011) , who noted that the particle diameter above 1 mm and narrow particle (and pore) size distribution may potentially minimize the capillary force dominance on water distribution under reduced gravity conditions. Th is can be best examined by numerical simulations of fl uid phase behavior in diff erent growth media with diff erent aggregate size distributions (and thus diff erent soil-water (θ-ψ) and soil-air (ε-ψ) characteristic curves) under full and reduced gravity as illustrated in Jones et al. (2011) , combined with growth experiments under diff erent gravity conditions.
We emphasize that the lower and upper limits for D mean suggested herein for the selection of an optimum particle size range are based only on adequate aeration. Th e media properties ensuring suffi cient water and nutrient supply should also be embraced when selecting an optimal plant growth medium.
Volcanic Ash Soil in Space: Implications from the Diffusivity-based Analysis
Among the basic properties we discussed in relation to a promising plant growth medium are high total porosity and low bulk density, accompanied by strong dual porosity characteristics. Of the naturally occurring soils endowed with such useful properties, volcanic ash soils (Andisols) are well known and widely regarded as highly suitable growth media (Shoji and Takahashi, 2002) . A deep rooting zone, large water holding capacity, and good drainage properties are common in typical Andisols (Shoji et al., 1993) . Th ese distinctive Andic properties are generally attributed to the presence of allophanedominated hollow spherical morphology, which allows free movement of water/air molecules into and out of the structure (Nanzyo, 2002) . Besides, some soils derived from volcanic origins (e.g., JSC Mars-1 Martian regolith simulant) are reported to have a close spectral similarity to the bright regions of Mars, and are widely recognized as promising terrestrial analogs to the Martian soils (Robinson et al., 2009) . A diff usivity-based analysis, in addition, will also provide further insight into the characteristics of the volcanic ash soils. (Hamamoto et al., 2009b) . pF = log |-ψ, cm H 2 O|. Figure 8 shows observed gas diff usivity as a function of air content for a Nishi-Tokyo volcanic ash soil [2-4.76 mm] (data from Chamindu Deepagoda et al., 2011b) . Th e measured data were limited at the wet region, particularly near the percolation threshold, and therefore we used the D mean -ε p relation (Fig. 6 ) to estimate the percolation threshold for the selected size fraction. Together with the IPDC model, Eq. [4a] through Eq. [4g], we reasonably predicted the observed gas diff usivity (solid line). Th e observed CWD for oxygen corresponding to Mars conditions (shown by the shaded bar; Fig. 8 ) is comparable to that of Turface. Th e soil also passed the evaluation test for suffi cient aeration at Martian fi eld capacity, since the observed value of D p /D o at pF 1.3 was well above the limiting value (D p /D o = 0.04). Th e width of the critical water window at Mars conditions (not shown) was also observed to be comparable to those for Turface and Profi le. Solute diff usivity/electrical permittivity measurements for the selected particle size fraction of the soil are needed to examine the corresponding CWD for nutrients. Further shown in Fig. 8 are the observed soil-water retention data together with modelfi t (Eq. [1]; dashed line), which suggest distinct dual porosity characteristics. Th e observed very large SSA (227.2 m 2 g -1 , comparable to the JSC Mars-1 simulant's SSA of 200 m 2 g -1 ) by the EGME method provides further evidence of its physical suitability as an excellent growth medium. In summary, the observed oxygen diff usivity and media properties for the NishiTokyo Andisol are comparable to well-performing growth media and therefore it can, in a future perspective, be a promising growth medium candidate for space-based applications.
An important aspect we did not consider as part of the CWD concept is the volume displacement by roots. Th e root intrusion to substrate macropore space, up to nearly 20% of pore space in the given media, will be within the region of gas percolation threshold (see Fig. 4 and Fig. 8 ) and hence will not adversely aff ect gas diff usivity. In addition, some other important issues, including container geometry (Fonteno, 1989) , have not been addressed here.
Due to its widespread potential use and importance, we re-emphasize that the diff usion-based media characterization we mainly focused in the present study is only one important aspect of broad considerations in growth media design. Th e fi nal plant growth media characterization must essentially include many physical, chemical, and biological considerations for both terrestrial and reduced gravity conditions while the reduced gravity systems may involve additional issues, for example, shuttle launch vibrations (Steinberg et al., 2002) .
CONCLUSIONS
· Based mainly on the concept of CWD for oxygen and nutrients, this study presented a comparison of four prospective growth media (pumice, Turface, Zeoponic, and Profi le) to select best-performing media under the terrestrial and Martian conditions. Among the tested media, Profi le showed best overall performance, followed by Turface and Zeoponic in that order. Pumice showed a poor performance due to inadequate aeration for plant growth.
· Th e appropriate selection of particle size for optimal plant growth was discussed based on a mean particle size and pore size-based design diagram. As an important part of this, a. strong relation (r 2 = 0.98) between percolation threshold for gas diff usivity and mean particle (aggregate) diameter was found. Th e overall results implied to avoid mean particle sizes below 0.2 mm (due to insuffi cient aeration) and above 5 mm (due to large percolation threshold) when selecting optimal plant growth media for Earth and, especially, Martian conditions. · A new IPDC model could describe well the observed gas diff usivity data for the selected media, all with a distinct percolation threshold. · Japanese volcanic ash soil (Andisol) with 2-to 4.76-mm sized aggregates showed good aeration characteristics comparable to well-performing growth media. All potential growth media, however, need to be investigated for other critical aspects in plant growth media design before making fi nal selections. 
